To investigate the prevalence of lipophilic marine biotoxins in shellfish from the Chinese market, we used hydrophilic interaction liquid chromatography-tandem mass spectrometry (LC-MS/MS) to measure levels of okadaic acid (OA), azaspiracid (AZA1), pectenotoxin (PTX2), gymnodimine (GYM), and spirolide (SPX1). We collected and analyzed 291 shellfish samples from main production sites along a wide latitudinal transect along the Chinese coastline from December 2008 to December 2009. Results revealed a patchy distribution of the five toxins and highlighted the specific geographical distribution and seasonal and species variation of the putative toxigenic organisms. All five lipophilic marine biotoxins were found in shellfish samples. The highest concentrations of OA, AZA1, PTX2, GYM, and SPX1 were 37. 3, 5.90, 16.4, 14.4, and 8.97 μg/kg, respectively. These values were much lower than the legislation limits for lipophilic shellfish toxins. However, the value might be significantly underestimated for the limited detection toxins. Also, these toxins were found in most coastal areas of China and were present in almost all seasons of the year. Thus, these five toxins represent a potential threat to human health. Consequently, studies should be conducted and measures should be taken to ensure the safety of the harvested product.
Introduction
Harmful algal species produce toxins that can accumulate in shellfish, leading to ecological perturbations, economic losses, threats to public health, and concerns about quality of shellfish products. In recent years, lipophilic marine biotoxins have become a worldwide problem. However, the tolerance limits and analytical methods used to ensure compliance to such limits differ significantly among countries. These differences should be eliminated in order to develop consistent rules for protection of public health and for greater harmonization of international trade. The regulatory structure in the European Union (EU) includes a series of regulations for the control of lipophilic toxins. Regulation (EC) N° 853/2004 sets the maximum levels for lipophilic toxins in bivalve molluscs being placed on the market for human consumption. Commission regulation (EU) No 15/2011 [1] , which amends regulation (EC) No 2074/2005, recognizes liquid chromatography-tandem mass spectrometry (LC-MS/MS) testing methods for the detection of lipophilic toxins in live bivalve mollusks, and this technique is used for routine detection of toxins.
Currently, China is the main bivalve-culturing country. However, due to the lack of shellfish safety control measures, many countries do not allow the import of Chinese-cultured bivalves, and almost all the bivalves produced are sold in the Chinese market. A lack of monitoring and management programs for shellfish toxins leave consumers easily exposed to contaminated shellfish. In addition, traditional Chinese methods of processing shellfish, such as cooking, steaming, and autoclaving, increase the concentration of lipophilic marine biotoxins (okadaic acid (OA)-, azaspiracid (AZA)-, pectenotoxin (PTX)-, and yessotoxin (YTX)-group toxins) approximately two-fold due to water loss [2] . Occasional but serious poisoning events, which led to more than 200 people suffering illness, occurred in the cities of Ningbo and Ningde near the East China Sea in 2011 [3, 4] .
In recent years, the presence of many lipophilic marine biotoxins and the phytoplankton that produce them have been recorded frequently along the coast of China [5] . Members of the OA group are considered to be the most widely distributed toxins, as they have been found in mussels, oyster, clams and scallops [3, 6, 7] . Other lipophilic shellfish toxin groups, such as PTX, YTX, and gymnodimines (GYM), have been found in shellfish [5, 6] or seawater [8] . In addition, toxic microalgae that produce lipophilic shellfish toxins have been found, such as Dinophysis and Prorocentrum lima (likely producers of OA, DTX and PTX), Gymnodinium (GYM producer) [9, 10] , Azadinium poporum (AZA producer) [11] [12] [13] [14] . The apparent range expansion of toxic phytoplankton and their associated toxins along the coast of China poses a persistent threat of exposure to lipophilic shellfish toxins for consumers.
In this study, the prevalence of five different lipophilic shellfish toxins (OA, AZA1, PTX2, GYM, and SPX1) along the Chinese coast was studied. Shellfish samples (clams/cockles, oysters, scallops and mussels) were collected monthly from coastal city markets from December 2008 to December 2009. The goals of this study were to provide a basic understanding of the current contamination situation of shellfish products in China and to provide data for the establishment of a monitoring program and market access system.
Materials and Methods

Reagents and Materials
Water was deionized and passed through a Milli-Q water purification system (Millipore, Billerica, MA, USA). Formic acid (>98%), ammonium acetate (>97%), and acetonitrile and methanol (absolute, hypergrade) were purchased from Merck (Darmstadt, Germany). Lipophilic toxin standards for OA (CRM-OA-b, 30.0 µmol/L), PTX (CRM-PTX2, 10.0 µmol/L), AZA (CRM-AZA1, 1.47 µmol/L), GYM (CRM-GYM, 10.0 µmol/L), and SPX (CRM-SPX1, 10.2 µmol/L), were purchased from the National Research Council Canada (Marine Analytical Chemistry Standards Program, Halifax, NS, Canada). All samples were sorted by location and specimens, washed with clean water, kept in portable incubators at 4 °C, and transported to the lab within 48 h. The muscle and digestive gland of each specimen were removed, labeled, and stored immediately in a freezer at −18 °C for later analysis. Samples were processed as described previously [15] . Briefly, 2.00 ± 0.02 g of tissue were extracted with 3 mL of methanol three times. The supernatants were combined and evaporated at 40 °C under nitrogen to less than 1 mL and diluted with 3 mL of water for purification. All 4 mL of diluted extract were loaded on a Strata-X cartridge (3 mL, 60 mg, Phenomenex, Torrance, CA, USA).The cartridge was washed with 1 mL of 20% v/v methanol and eluted with 1 mL of methanol containing 0.3% v/v ammonium hydroxide for liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis.
Collection and Preparation of Commercially Available Shellfish Samples
LC-MS/MS Analyses of Lipophilic Toxins
The LC-MS/MS system consisted of Thermo electrospray ionization-mass spectrometry (TSQ Quantum Access™, Thermo Electron Corporation, Madison, WI, USA) and a Finnigan HPLC system that included a quaternary pump and a thermostatted autosampler to maintain the sample vials at 4 °C. The Atlantis™ dC18 analytical column (150 mm × 4.6 mm, i.d., 5.0 μm, Waters, Milford, MA, USA) was maintained at 35 °C. Mobile phase A was acetonitrile/water (95/5, v/v) and B was water, and both contained 2 mM ammonium formate and 50 mM formic acid. A gradient was run at a flow rate of 0.2 mL/min starting at 40% A, which was increased linearly to 96% A in 2.1 min, kept constant for 4 min, then returned to 40% in 2 min. The total run time for the analysis was 9 min. For the first and last minute of the chromatographic run, the LC eluent was diverted to waste.
The LC-MS/MS experiment was carried out using a TSQ mass spectrometer equipped with an electrospray ionization (ESI) source, and it was operated in positive polarity for GYM, SPX1, PTX2, AZA1 and negative polarity for OA measurements. The voltage on the ESI needle was set at 4 kV, producing a spray current of approximately 80 mA. The capillary voltage was set at 10 V, and the temperature of the heated capillary was 350 °C. The sheath gas pressure used was 25 psi and the auxiliary gas was 10 psi. The microscan width (m/z) was set at 0.01 and the scan time was 0.5 s. These parameters were previously optimized using toxin standards. The mass spectrometer was operated in selected reaction monitoring mode, analyzing the two most intense product ions per compound (one for quantitation and the other for confirmation). 
Results and Discussion
Evaluation of the Detection Method for Five Lipophilic Toxins by LC-MS/MS
Parameters such as recovery, standard deviation (SD), and relative standard deviation (RSD) ( Table 1) were investigated to evaluate the sensitivity of the LC-MS/MS method using a blank spiked sample. The peaks obtained were symmetrical and fully separated within 7 min (Figure 2 ). To determine the limit of detection for each toxin, a signal-to-noise ratio of 3 was extrapolated from the lowest abundant product ion of the toxin present in the lowest spiked mussel extract. The limits of detection for OA, AZA1, PTX2, GYM, and SPX1 were 2.00, 0.04, 0.32, 0.10, and 0.21 μg/kg, respectively. The calibration curves between areas and the concentration of the five lipophilic marine toxins were linear and had correlation coefficients >0.99. The average recoveries from spiked scallop muscle at the three concentrations tested ranged from 78.6% to 94.4% with RSDs from 6.80% to 14.9%. Therefore, the precision of the method meets the distribution investigation needs for these five marine lipophilic toxins in shellfish. 
Spatial Variation of Lipophilic Toxins in Shellfish Products
In this investigation, bivalves were collected from seven Chinese cities near important areas of shellfish culture distributed along the coastline from south to north. OA, AZA1, PTX2, GYM, and SPX1 were detected in 25.8%, 2.75%, 10.6%, 15.1%, and 2.43% of the 291 samples analyzed, respectively. Although shellfish products in every city were contaminated with at least some of these lipophilic marine biotoxins, the toxin concentration and composition varied widely among the various cities.
Overall, three distinct patterns of distribution were observed ( Figure 3) . First, the two cities located in the southernmost (GZ) and northernmost (DL) locales showed a similar trend of lipophilic marine biotoxin contamination. Most of the lipophilic marine biotoxins, except for PTX2 in GZ, were present in a large percentage of specimens from these two cities. GYM was present in ~50% of samples from GZ, and the maximum level (14.4 μg/kg) was found here. The maximum concentration of OA (37.3 μg/kg) also occurred in this city. AZA1 was detected in shellfish at a maximum concentration as 5.90 μg/kg from DL. The presence of AZA and its microalga producer A. poporum along the coast of China [11] might mean that this toxin is now a new risk to consumers. However, the prevalence and concentration of AZA1 were much lower than those of the other lipophilic shellfish toxins. The second pattern involved the shellfish products from XM and ZS, both of which are located along the coast of the East China Sea. In both cities, specimens were contaminated with OA, GYM, and SPX1. However, the situation in ZS was more serious than that in XM, especially for OA from 21.4 to 36.6 μg/kg. Finally, specimens from RZ, QD, and YT, which lie along the coast of the Yellow Sea, showed relatively low concentrations of the lipophilic shellfish toxins. The exception was PTX2, which was present at 16.4 μg/kg in QD.
In China, OA is recognized as the main cause of diarrheic shellfish poisoning (DSP) [3, 4, 8, 13] . Among the five toxins tested in this study, OA was the only one found in all locations, with the highest prevalence (37.8%) occurring in QD. GYM and SPX1 were also distributed along most parts of the coastline. The highest prevalence of GYM was 71.9% in GZ, and that of SPX1 was 52.4% in RZ. GYM was mostly observed in coastal water of the South China Sea, whereas PTX2 was distributed mainly in northern China along the coast of the Bohai Sea [16] and the East China Sea [13] , and the concentrations were relatively low (0.11-9.42 µg/kg). AZA1 was only detected in GZ and DL, which are located in the south and north of China, respectively.
Although OA, PTX2, AZA1, GYM, and SPX1 were detected in the shellfish products analyzed in this study, they were present at relatively low concentrations that were under the limit set by the EU to ensure that shellfish products are safe for human consumption.
Seasonal Variation of Lipophilic Toxins in Shellfish Products
Toxin-forming organisms are known to occur periodically, and the toxins are prone to accumulation in shellfish. Seasonal variations in the presence and levels of microalgae toxins in the waters, phytoplankton, and shellfish are strongly related. Many nations with monitoring programs use cell counts of various toxin-producing algae as an indicator to increase monitoring or initiate precautionary harvesting restrictions (e.g., when cell concentrations of lipophilic shellfish toxin-producing organisms exceed 100-1000 cells/L [17] ). Nevertheless, toxin production by algae varies with time and the species present, and the number of cells alone cannot be used as an indicator for the presence of toxins.
Toxin absorption and elimination rates as well as temperature and pH of the seawater are important factors that can affect the growth of different microalgae and the ability of shellfish to accumulate toxins [18] . In addition, size of bivalves has a significant effect on their ingestion rate. As shown in Table 2 , three out of the five toxins were present in spring when bivalves are relatively large in size; in particular, the concentration of OA reached 37.3 µg/kg in spring. In contrast, shellfish are relatively small in autumn, and the prevalence and concentration of lipophilic shellfish toxins were relatively low during this season. The large differences in toxin prevalence and concentration in summer might be due to the diverse growth habits of different toxin-producing algae.
PTXs always appear together with toxins from the OA group because they are produced by the same dinoflagellate genus, Dinophysis [19] . PTX and OA both showed high prevalence and concentration in winter and spring. In the third and fourth quarters of the year, PTX2 was present in <6% of the samples, probably because the growth of PTX2-producing algae was inhibited. This likely also explains why PTX2 was not detected in the southern coastal cities. GYM and SPX1 were detected in almost all seasons in different shellfish samples, although the highest levels of GYM occurred in winter. This result matches the data that detected from samples in May 2012 from the East China Sea [13] .
Due to the large latitudinal span of the coastal zone in China, the occurrence of red tides differs greatly over both space and time. Although the lag between the seasonal conditions and outbreaks of lipophilic shellfish toxin poisoning is compatible with the obligate mixotrophic nutritional mode of the Dynophysis acuminate complex [20] , predicting when and where blooms will occur remains difficult. To ensure the safety of shellfish products in China, an annual monitoring program should be in effect throughout the entire year, with more intense sampling during shellfish harvest periods. 
Variation of Lipophilic Shellfish Toxins in Different Shellfish Species and Tissue Distribution
The feeding behaviors of different bivalves, particularly their maximum filtration rates, affect their ability to accumulate and bio-transform toxins in different tissues. DSP toxins have been recognized as a serious threat to public health and have attracted significant public attention in China. OA was the primary DSP toxin detected in all four types of shellfish tested in our study, and it was present at relatively high levels. Previous studies reported that mussels had the greatest accumulation ability [21] . Concentrations of toxins in Pacific oysters and Manila clams were often at least half those measured in blue mussels at the same site [22] , and the DSP toxin content was about 10 times higher in mussels than in oysters collected from the same region [23] . The first recorded outbreak in China was attributed to the consumption of mussels contaminated by DSP toxins (OA and DTX-1), whereas consumption of other seafood items was not associated with illness [4] . The data obtained in our investigation are consistent with these findings, as the OA level in mussel samples was highest ( Figure 4B ), followed by that in scallop samples. . The bottom and top of the box are the first and third quartiles, the band inside the box is the second quartile (the median), the ends of the whiskers represents one standard deviation above and below the mean of the data, and the dots are mild outliers.
Toxin profiles differ not only among different geographic regions but also among populations within the same geographic origin [12] . With the exception of OA, the accumulation of the other toxins (AZA1, PTX2, GYM, SPX) was relatively high in scallop samples compared to the other species ( Figure 4D ). For the AZA group, AZA1 was the predominant toxin in mussels and AZA2 was the predominant toxin in scallops [24] . This finding illustrates that mussels and scallops have different feeding selectivity for toxin-producing algae. Similarly, a remarkable difference in toxin levels and profiles was observed between mussels and oysters from the same station during the survey period.
All five lipophilic toxins in shellfish were concentrated mainly in the digestive gland, which is consistent with results of the James study [25] . Although GYM was detected both in the digestive gland and the edible parts, the concentration in the digestive gland was about 20 times higher than that in the edible parts. This result suggests that the toxin is concentrated almost exclusively in the digestive gland, which is a behavior very similar to that of other lipophilic toxins. However, as the remaining flesh represents 85% of total mussel flesh [26] , it still has a considerable sanitary impact, meaning the whole shellfish should be analyzed for official control purposes. It has been shown that toxin concentrations in king scallops were lower in samples in which the viscera had been removed than in whole organism samples [27] . Therefore, to avoid the ingestion of lipophilic toxins, the digestive parts should be removed prior to consumption.
In addition to the effects of feeding rate, particle selection, and behavioral responses on the accumulation of biotoxins by shellfish, the rates of detoxification and biotransformation should be considered when evaluating the differential toxin retention of different species. Balancing between accumulation and depuration of toxins in bivalves after they have consumed lipophilic shellfish-toxinproducing organisms could last for a long time [14] .
Potential Risk of Lipophilic Shellfish Toxins in Shellfish Products
The main threat to shellfish raft culture is the recurrent appearance of harmful algal bloom species that produce lipophilic toxins that can be transferred through the food web. Ironically, because filter-feeding shellfish do not need dense blooms of toxic algae to eventually accumulate amounts of toxin deadly to humans, many of the most serious algal-related human health hazards are not necessarily associated with dense obvious blooms. In addition, most official monitoring programs analyze raw shellfish tissue to determine the content of lipophilic toxins. However, most shellfish are eaten cooked or steamed, so heat-treated tissue seems to be the most relevant form to analyze. Moreover, heat treatment can lead to a two-fold concentration of toxins due to water loss. These issues should be recognized in relation to future risk assessments to establish and control permissible toxin levels.
In our study, most of the shellfish specimens were contaminated with a relatively low level of lipophilic shellfish toxins. The maximum levels of OA, AZA1, PTX2, GYM, and SPX1 were 37.3, 5.90, 16.4, 14.4, and 8.97 μg/kg respectively, which are much lower than the regulatory limits in shellfish flesh (Table 3) . However, as the standards were not available to us, some important toxins such as DTX1 and AZA2, were not screened. The content of marine lipophilic toxins might be significantly underestimated, and potential risk to local consumers might still exist. For example, DSP was present at levels above the regulatory limit for human consumption (20 mg/100 g soft tissue) in 1999 [7] and 2011 [3, 4] . In recent years, the traditional mouse detection methods have been gradually replaced by LC-MS/MS or qualitative-only methods in China. Positive DSP samples had been specific to toxins, and DTX1 also showed a high positive rate and content [5, 13] , which should have been taken into consideration. Prevalence of this situation likely is higher, but data are scarce and monitoring programs and a market access system are absent in China. PTX was recorded previously in farmed shellfish [6] and seawater [31] . In this investigation, PTX was detected in both scallops and oysters. Considering the widespread distribution of Dinophysis [8, 13] , the producer of PTX, along the Chinese coast, PTX may prove to be a major health risk to consumers in China. AZA was only found in Atrina pectinate from GZ and scallops from DL, which are located in the south and north of China. The maximum concentrations of AZA1 (5.90 μg/kg) and PTX2 (16.4 μg/kg) were detected in the same scallop. Due to the large number of AZA-analogues that had been observed in shellfish as metabolites, the total AZAs content might be significantly underestimated in this study with the detection of AZA1 only. However, the microalga that produces AZAs (A. poporum) is present along the coast of China and exhibits highly variable toxin profiles [12] . Furthermore, Chinese traditional cooking methods might increase the concentration of AZAs approximately two-fold due to water loss, meaning this concentration would be above the recommended regulatory limit of 30 μg AZA1 equivalents/kg shellfish meat by EFSA [32] . Therefore, AZAs might become a new problem and cause significant economic losses to the shellfish industry and pose a potential threat to consumers in China. Further data are needed for ongoing assessment of the presence and variability of the AZAs toxin.
Conclusions
An LC-MS/MS method for simultaneous detection of GYM, SPX1, OA, PTX2, and AZA1 was used to determine the presence and distribution of five marine lipophilic toxins in shellfish along the coast of China. All five toxins were found in the shellfish digestive gland. Although the highest concentrations of these toxins were much lower than the permitted limits established by the EU, lipophilic toxins might be significantly underestimated due to the restricted toxin variety detected. Also, these toxins were present in most coastal areas of China at almost all times of the year, which shows that they are a major potential threat to human health. Consequently, risk assessment and monitoring of shellfish toxicity and its causative organisms should be conducted for both current and developing shellfish harvesting beds. More data on the timing and intensity of algal blooms and the subsequent toxin accumulation in shellfish can be used to develop a thorough monitoring strategy to track the occurrence of lipophilic shellfish toxins and to assess risk in order to ensure continued development of China's shellfish production program.
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